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We consider the gravity field of a Bose-Einstein condensate in a quantum superposition. The gravity field
then is also in a quantum superposition, which is in principle observable. Hence we have “quantum gravity” far
away from the so-called Planck scale.
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The existence of macroscopically distinguishable super-
positions in Bose-Einstein condensatessBEC’sd has been dis-
cussed by several authorsf1–3g. Such a superposition may
be achieved as the ground state of two interacting BEC’s in a
double-well potentialf1g or by a continuous quantum mea-
surement on a condensate trapped in such a potentialf2g.

We now consider the gravitational field of a BEC of total
massM in such a double-well potential and we scatter a
beam of particles of massm in the middle of the double
potential well.sWe assume that the potential that affects the
BEC does not affect these particles or that we know how to
correct for its effect in our calculations.d

In order to avoid decoherence, the density matrix of the
scattered particles must be factorized in the formr=rint
^ rc.m. whererint stands for the density matrix of the internal
degrees of freedom andrc.m. for the density matrix of the
external degrees of freedom.

Let us treat classically the interaction of the center of
mass of the scattered particles with the gravitational field of
the BEC. Suppose that we know for certain that the BEC
condensate is localized within the left well or the right well
sthis may happen, for example, in the case of an infinite
barrier in the double potential welld. The scattered particles
will be deflected from their course due to the gravitational
attraction between them and the BEC. Here we also assume
that all other interactions between the scattered particles and
the BEC either do not exist or are negligible with respect to
the gravitational interactionswhich for itself is very weakd.
We shall set up our axis system so that the double potential
well lies on thex axis sthe maximum of the potential barrier
is at x=0d and the scattered particles’ initial trajectory is
along they axis, withx=0, so that their inital momentum is
p0=s0,py,0d. The distances between the two minima in the
potential will be a, and the particles’ trajectories are such
that without the gravitational interaction they would pass at a
distancea within each minima. In the crudest “undergradu-
ate” approximation, the scattered particles will be under the
influence of a gravitational forceGmM/a2 during a time
interval of a/vy=am/py. The scattered particles, initially
with px=0, will have, after the interaction, a nonzerox com-
ponent for their momentum ±GMm2/apy, where1 is for the
case in which the BEC is in the right well and2 if it is in the
left one. The deflection angle in each case will be small and

can be written asu< ± px/py=GMm2/apy
2=GM /avy

2.
Now assume that the potential barrier between the two

wells is finite and the BEC condensate is in a symmetric state
cS=cL+cR wherecR andcL are functions that are localized
in the right and left wells, respectively. What is the result of
scattering the particles from the gravitational field of this
state? After the scattering, the state of the center of mass of
the particles will be entangled with the state of the BEC and
in a superposition of states, one being a result of a deflection
from a BEC in the right well and the other being the result of
deflection from a BEC in the left well. The state of the sys-
tem can be written in the following manner:

wsr d = A1cL ^ expfi/"spx,py,0d · r g

+ A2cR ^ expfi"s− px,py,0d · r g. s1d

Here it is essential that the initial momentum spreadDp of
the BEC be much larger than the momentum kick due to the
interaction.

We do not record the state of the BEC during the experi-
ment, or in other words we are tracing over the BEC states. If
cL and cR were orthogonal, tracing over the BEC state
would prevent us from seeing any interference fringes. The
situation is different if they are not orthogonal. Letj
=kcL ucRl. The density matrix of the center of mass of the
scattered particles after tracing over the BEC states is

rsr ,r 8d = uA1u2expfi/"spx,py,0d · sr − r 8dg

+ uA2u2expfi/"s− px,py,0d · sr − r 8dg

+ 2 Re„A1A2
*j exphi/"fspx,py,0d · r

+ spx,− py,0d · r 8gj…. s2d

AssumingA1=A2, it is easy to see thatrsr ,r d will be maxi-
mal when cosspxx/"d=1 or pxx/"=2pm, so the distance be-
tween fringes will be

Dx = 2p"/px = shavyd/sGMmd. s3d

Let us try to see the parameters needed in such an experi-
ment in order for it to be feasible. As we shall soon see, the
distance between fringes tends to be very large, so let us
choose parameters to make it as small as possibleswhile
difficult, it does not violate any law of physicsd. A BEC
usually contains up to 107 Rb atoms, which give a mass of*Deceased.

PHYSICAL REVIEW A 71, 024101s2005d

1050-2947/2005/71s2d/024101s2d/$23.00 ©2005 The American Physical Society024101-1



about 10−18 kg. For the scattered particles, let us take big
particles sgrainsd with a mass of about a nanogram or
10−12 kg. The constantsh andG have values

h < 6 3 10−34 J s,

G < 6 3 10−11 Kg−1 m3 s−2.

We need to get the productavy as small as possible. The
distance between the minima in the double potential well
cannot be much smaller than about 1m or 10−6 m. The ques-
tion now is, how slow can the incoming particles be and still
scatter coherently only from the gravitational field of the

BEC? Introducing all the above numbers, we have

Dx < 10vy fmg. s4d

So in order to achieve a distance between fringes that is on
the order, say, of cm, so that the experiment will be feasible,
we need the incoming particles’ speed to be of the order
10−3 m/s. These are slow speeds, but nevertheless, there is
no physical law that prevents them. We can also try to take
heavier particles for the scattered particles. We can write

Dx < 10−11svy/md fmg. s5d

The ratiovy/m will have to be of the orders of 109 m/skg sd.
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